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Cocatalysts for H2 production are often made from noble metals, which are expensive and rare. Coca-
talysts made from cheap and abundant elements are therefore highly desirable for economically viable
H2 production. Here, we demonstrate that amorphous transitional metal borides (TMBs)—made from
abundant materials and costing less than 0.1% of the price of Pt cocatalysts—are effective substitutes for
Pt-based cocatalysts and result in superior H2 production via water-splitting under visible light irra-
diation. Under visible-light driven photocatalytic water-splitting, using TMBs as cocatalysts for nanos-
tructured NiCoB/CdS composites achieved an extraordinary H2 production of 144.8 mmol h
1 g1, up to
36 times greater than that observed when using CdS alone. The apparent quantum efﬁciency was
measured as 97.42% at 500 nm, which is the highest value reported for CdS photocatalysts. The hydrogen
atom adsorption energy (ΔE(H)) and hydrogen molecule adsorption energy (ΔE(H2)) of NiB, NiCoB and
Pt have been calculated for the ﬁrst time. Compared with Pt cocatalyst, amorphous TMBs cocatalysts
more readily adsorb hydrogen protons and desorb molecular hydrogen during the photocatalytic process.
Superior performance of TMBs as cocatalyst, much better than Pt, can be attributed to its powerful
trapping electrons ability and highly adsorption of protons. These ﬁndings provide a straightforward and
effective route to produce cheap and efﬁcient cocatalysts for large-scale water splitting.
& 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Photocatalytic H2 production via water-splitting is an attractive
and sustainable solution to meet future energy demands [1].
Various semiconductor photocatalysts for the H2 evolution reac-
tion (HER) have been explored [2–7]. The overall photocatalytic
water-splitting reaction includes three major steps: (a) light ab-
sorption by semiconductor to generate electron–hole pairs;
(b) charge separation and transfer to the surface of semiconductor;
and (c) surface reaction for the formation of H2 [8]. For photo-
catalysts to achieve their full functionality requires highly efﬁcient
and robust cocatalysts which can improve the HER by promoting
the separation of photoinduced charge carriers and providing ac-
tive sites for Hþ adsorption [5,8]. Noble metals such as platinum
(Pt) have been demonstrated to be excellent cocatalysts [9].
However, the potential for use of Pt in future applications is
hampered by its high cost and scarcity. It is therefore useful to
explore the performance of alternative cocatalysts made fromr Ltd. This is an open access article
).
.relatively cheap and abundant transition metals to facilitate H2
production.
Some recently discovered cocatalysts partially replace Pt, ex-
hibiting good performance, but remaining costly [9–12]. Other
researchers have developed low-cost, noble metal-free cocatalysts,
but the associated quantum efﬁciency (AQE) and stability are in-
ferior to those of Pt [2,7,13–16]. Many efforts have focused on
metal hydroxide [3,15], metal sulﬁde [2,11,13] and metal phos-
phide [6]. However, low-cost (less than 0.1% of the cost of Pt) and
environmentally friendly transitional metal borides (TMBs) have
not received much attention in the photocatalytic ﬁeld. Indeed, we
are not aware of any reports of the active sites or mechanism re-
sponsible for TMBs cocatalytic activity in the HER.
We therefore present the ﬁrst work to demonstrate that
amorphous TMBs are effective substitutes for Pt as cocatalysts for
H2 production via water-splitting under visible light irradiation.
We synthesize a series of amorphous TMBs to use as cocatalysts
and employ synthesized CdS nanocrystals as a model semi-
conductor photocatalyst. Hydrogen atom adsorption energy (ΔE
(H)) and hydrogen molecule adsorption energy (ΔE(H2)) of TMBs
are calculated for the ﬁrst time and density functional theory
calculations (DFT) are used to explain TMBs ability to act as an
effective cocatalyst.under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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tocatalytic performance under visible light irradiation
(λ4400 nm). For example, nanostructured NiCoB/CdS composites
achieved H2 production at a rate of 144.8 mmol h1 g1, up to 36
times greater than that observed when using CdS alone. The AQE
was measured as 97.42% at 500 nm, which is the best value re-
ported to date for CdS photocatalysts. Moreover, stable production
of H2 using NiB/CdS was measured for 56 h. DFT calculations
showed that TMBs superior performance can be attributed to their
powerful electron-trapping ability and the high rate of adsorption
of protons.2. Experimental section
2.1. Catalyst synthesis
Nickel (II) acetate tetrahydrate, cobalt (II) nitrate hexahydrate,
iron (III) nitrate nonahydrate, Sodium borohydride, Cadmium ni-
trate tetrahydrate and Sodium sulﬁde, all have purity of 99.9% and
from Aladdin. Graphene oxide is from JCNANO in China. Lactic acid
is from Alfa Aesar (ACS, 85–90% aqueous solution). All chemicals
are used as received without any further puriﬁcation. All solutions
are prepared with deionized water which have been removed the
dissolved oxygen by purging N2.
To synthesize TMB/CdS (NiB, CoB, FeB, NiCoB, CoFeB and Fe-
NiB), we take NiB/CdS and NiCoB/CdS for examples. The amor-
phous NiB and NiCoB were synthesized by a simple chemical re-
duction. A typical experimental procedure for NiB is as follows:
0.03 mol NaBH4 is dissolved in 100 mL water. 0.01 mol nickel (II)
acetate tetrahydrate is dissolved in 100 mL water. Then the aqu-
eous solution of NaBH4 was dropwise added to nickel acetate so-
lution under vigorous stir. As for NiCoB, different molar ratio of
nickel (II) acetate tetrahydrate and cobalt (II) nitrate hexahydrate
(Ni/Co¼4/1, 3/2, 2.5/2.5, 2/3 and 1/4) were dissolved in 150 mL
water. Dissolve 0.15 mol NaBH4 (NaBH4/(NiþCo)¼3) in 150 mL
water. The aqueous solution of NaBH4 was dropwise added to
nickel acetate and cobalt nitrate mixed solution under vigorous
stir. An ice bath was used to control the reaction temperature.
After that, solutions were kept on stirring for about half an hour
to release the hydrogen. Excess amount of NaBH4 was used to
ensure complete reduction of transition metal salts. The black
precipitate were thoroughly washed with a large amount of dis-
tilled water to clear the reactants residues, soluble boron species
and Naþ cations which are considered poisons of the nickel boride
catalyst [17]. The second step: 0.006 mol Cd(NO3)2 4H2O and
0.012 mol Na2S 9H2O were dissolved in 30 mL DI water, stirring
for 30 min, and then different amount of the prepared NiB or Ni-
CoB were added. In order to improve the dispersity of catalysts,
moderate weight of graphene oxide were added into the cadmium
sulﬁde solution and stirring powerfully for another 30 min and
lastly transferred into a 50 mL Teﬂon-lined stainless steel auto-
clave, sealed tightly, and heated at 160 °C for 10 h. After cooling
naturally, the precipitate were collected by centrifugation, washed
with water and ethanol, and dried in dry box at 65 °C to evaporate
water for a series of latter measurements. The optimum input of
TMB or graphene oxide are determined by the photocatalytic ac-
tivity tests. In this work, the samples which have the highest hy-
drogen evolution rate are denoted as NiB/CdS, NiCoB/CdS, CoB/
CdS, FeB/CdS, CoFeB/CdS (molar ratio of Co/Ni¼1/1) and FeNiB/
CdS (molar ratio of Fe/Ni¼1/1).
2.2. Working electrode preparation
In brief, 5 mg of catalyst powder was dispersed in 2 mL ethanol
solvent with 45 μL of Naﬁon solution (5 wt%, Sigma-Aldrich), andthen ultrasonic vibrated for about 30 min to generate a homo-
geneous ink. Next, 16 μL of the dispersion was transferred onto
graphite sheet, leading to a catalyst loading of 0.2 mg cm2.
Finally, the as-prepared catalyst ﬁlm was dried at room
temperature.
2.3. Materials characterization
The morphology of the as-synthesized products are character-
ized by Transmission electron microscopy (TEM) with a JEOL JEM-
2010HR instrument (Japan) at an accelerating voltage of 200 kV.
Crystal structures, chemical composition and elemental analysis
were characterized by X-ray diffraction (XRD, D/MAX 2200 VPC)
with Cu Kα radiation and ESCALab250 using the reference of C 1s
(284.8 eV) with the Mg-Kα (20.0 eV) radiation. The optical ab-
sorption of the as-synthesized powder is characterized by using
the UV–vis-NIR Spectrophotometer Lambda 950 (UK). Photo-
luminescence (PL) measurement was performed by Via Reﬂex
Microscope (Renishaw, England) with a He-Cd laser with a wa-
velength of 325 nm and maximum output power of 200 mW.
Surface photovoltage spectra (SPS) was carried out with a home-
built apparatus and EFISPS was used a technique combining an
electric ﬁeld-effect principle with the SPS method. The Inductively
coupled plasma-atomic emission spectrometry (ICP-AES) (Thermo
Instrument System Inc. USA) was used to characterize the con-
centration of Fe, Co, Ni, B, Cd and S. The nitrogen adsorption-
desorption isotherms are measured by Automated gas sorption
analyzer Autosorb-iQ2-MP (USA) at 196 °C. The Zeta potential is
carried out by Nanoparticle size-Zeta potential and molecular
weight analyzer (Brookhaven). The electron paramagnetic re-
sonance spectra (EPR) are recorded on a Bruker A300 EPR spec-
trometer at room temperature. Electrochemical measurements are
performed with a CH Instrument Workstation 760E potentiostat at
room temperature. All measurements were carried out in 10 vol%
lactic acid solution and conducted in a convertional three-elec-
trode cell by using a Ag/AgCl (sat. KCl) electrode as the reference
electrode, a graphite sheet as the counter electrode, and the
sample on the graphite electrode as the working electrode.
2.4. Photocatalytic performance test
The photocatalytic hydrogen evolution tests were carried out in
a 250 mL Pyrex top-irradiation photoreactor connected to a closed
gas-circulation system, using a 300 W Xe lamp equipped with a
UV cut-off ﬁlter (λ4400 nm). 80 mg of the photocatalyst was
dispersed in 100 mL 10 vol% lactic solution and ultrasonic for
20 min. With regard to Pt/CdS, 1 mL of chloroplatinic acid hex-
ahydrate (H2PtCl6 6H2O,40 wt% Pt) aqueous solution (corre-
sponding to 1 wt% Pt) was added. The suspension is vacuum pump
for about 20 min to remove air. The H2 evolution quantity was
analyzed by an online gas chromatograph (GC, TCD detector, dry
air driver and N2 carrier). Magnetic stirring (450 rpm) was used
during the water splitting experiments to ensure homogeneity of
the suspension. To evaluate the H2 evolution stability, after each
run of 8 h, the photocatalytic reaction system was evacuated, and
the next run was continued.
2.5. Apparent quantum efﬁciency (AQE)
The apparent quantum efﬁciency were measured by applying a
Xe lamp (300 W) with λ710 nm band-pass ﬁlters (λ¼365, 420,
500, 580, 670, 780, 850 nm) irradiated for 5 h. The average in-
tensity of irradiation was determined by an CEL-NP2000-10
spectroradiometer. In the following we describe the AQE de-
termination at λ¼500 nm for NiCoB/CdS. The average intensity of
irradiation was determined to be 11.3 mW cm2 and the
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(N) is as calculated by Eq. (1). The amount of H2 molecules gen-
erated in 5 h was 5200 μmol. The apparent quantum efﬁciency is
calculated from Eq. (2).
= λ = × × × × × ×
× × ×
= × ( )
− −
−
E
N
hc
12. 56 10 11. 3 3600 5 500 10
6. 626 10 3 10
6. 425 10 1
3 9
34 8
21
= × ×
= × × × ×
×
× = ( )
−
AQE
2 the number of evolvedH molecules
the number of incident photons
100%
2 6. 02 10 5200 10
6. 425 10
100% 97. 42% 2
2
23 6
21
2.6. Theoretical calculation
First principle calculations based on density functional theory
were performed with Vienna ab initio simulation package (VASP)
[18], using the projector-augment-wave (PAW) potential, to study
the adsorption energy of one hydrogen atom and hydrogen mo-
lecule. The exchange-correlation functional was treated using the
Perdew-Burke-Ernzerhof (PBE) [19] generalized gradient approx-
imation (GGA). An energy cutoff of 500 eV was used in all calcu-
lations. The structure optimization was carried out until the forces
on the atoms fell below 0.01 eV. The electronic convergence tol-
erance was set to 106 eV. Monkhorst-Pack Γ-centered k grid of
551 and 771 were used in optimization and static cal-
culations, respectively. The slab model consists of two layers, and
the bottom layer is ﬁxed. Vacuum slabs of 12 Å thick are inserted
between the adjacent slab models. Adsorption energy for one
hydrogen atom and hydrogen molecule was calculated respec-
tively, by:
( )( ) ( ) ( ) ( )Δ = + − + ( )E E H EH surf E surf H 3
( )( ) ( ) ( ) ( )Δ = + − + ( )E E H EH surf E surf H 42 2 2
where (surfþH) refers to a hydrogen atom adsorbed on the co-
catalysts surface, (surf) refers to a clean surface, (surfþH2) refers
to a hydrogen molecule adsorbed on cocatalyst's surface, the E
(H) is the DFT energy for a hydrogen atom and E(H2) is the DFT
energy for a hydrogen molecule in the gas phase.
Based on ICP-AES measurement that the general chemical for-
mula of NixB was determined as Ni2.89B and XRD of NixB-annealed
in Fig. S1 (annealed in N2 atmosphere at 250 °C for 3 h), clear
diffraction peaks are mainly belong to crystalline Ni3B (PDF#48-
1223), so we calculated the structure of Ni3B.3. Results and discussions
3.1. Morphology, structure and surface chemical states
Fig. 1a shows that NiB products were granulated, with the
average particle size around 10 nm. Fig. 1d and S2b show that
NiCoB products were composed of nanoparticles also of about
10 nm and irregular shaped sheets (as shown in the surrounded
area by the yellow line and S2b). Weak halo diffraction patterns,
rather than distinct dots, in the selected area electron diffraction
(SAED) images (Fig. 1b and e for NiB and NiCoB, respectively) in-
dicate that the as-synthesized products were amorphous. Fig. S2a
shows that the free CdS were unusually shaped nanoparticles of
around 20–25 nm and that the initial nanoparticle morphology
was maintained after CdS was closely combined with NiB or NiCoB(Fig. 1c and f).
The chemical states of the bonded elements on the surface of
the products were conﬁrmed by X-ray photoelectron spectroscopy
(XPS) (Fig. 2a-e). The Ni 2p of NiB (Fig. 2a) displayed four peaks at
Ni 2p3/2 (857.04 eV and 862.76 eV) and Ni 2p1/2 (875.03 eV and
880.6 eV). The Ni 2p of NiCoB (Fig. 2c) also showed four peaks at Ni
2p3/2 (855.98 eV and 862.06 eV) and Ni 2p1/2 (873.58 eV and
879.83 eV). However, the corresponding position of each peak
moved to a lower binding energy (BE) compared with those ob-
served for NiB. This probably indicates that the introduction of Co
increased the electronegativity of Ni, which is beneﬁcial as it helps
to absorb more protons. No metallic Ni peak (BE of 852.3 eV) [20]
was found indicating that NiB and NiCoB were stable and had not
been reduced. Fig. 1h and k show the results for B1s of NiB and
NiCoB, respectively. Two peaks around 191.6 eV correspond to
boron oxide [20]. The Co 2p spectrum of NiCoB (Fig. 2d) consisted
of strong spin-orbit doublet peaks at 781.43 eV and 797.22 eV and
shake-up satellite peaks at 786.17 eV and 802.94 eV, which are
thought to have arisen from Co2þ [21]. The molar ratio of Ni: Co:B
and the content of NiB in the NiB/CdS composite and of NiCoB in
NiCoB/CdS were studied using ICP-AES. The general chemical for-
mula of NiB and NiCoB were determined as Ni2.89B and
Ni3.16Co3.34B3.18.
The X-ray diffraction (XRD) patterns of the TMBs products were
typical of results for an amorphous phase, demonstrating a com-
plete absence of any sharp crystalline peaks (Figs. S3a–f), in ac-
cordance with the SAED patterns (Fig. 1b and e). The broad peak in
the NiB results at 2θ¼45° resulted from the amorphous nickel
boride alloy. Similarly the small proﬁle around 2θ¼22° was as-
cribed to the amorphous boron oxide, which is reportedly formed
when the reduction is carried out in an aqueous solution [22]. As
shown in Figs. S3g and h, the diffraction of free CdS was indexed to
the cubic phase (PDF#10-0454) and had good crystallinity, which
is beneﬁcial to photoelectrons transiting to the surface. Although
various amounts of TMBs were compounded with CdS, there were
no obvious diffraction peaks belonging to TMB and no signiﬁcant
differences observed between the samples. This is likely explained
by the amorphous characteristic of TMBs and the low TMBs
content.
3.2. Photocatalytic performance
Figs. S4a and b display H2 evolution rates from variously loaded
NiB/CdS and NiCoB/CdS. Pure CdS nanoparticles showed low ac-
tivity in the photocatalytic H2 evolution (4.02 mmol h1 g1).
Using TMBs as cocatalysts dramatically improved the H2 evolution
rate (Figs. S4a–d). For example, NiCoB/CdS with a NiCoB content
from 5.8 to 12.5 wt% reached a maximum value of
105.6 mmol h1 g1(Fig. S4b), over 26 times larger than that of
pure CdS. Notably, increasing the NiCoB content above 10.8% did
not further increase the rate of H2 evolution. A similar trend was
observed for NiB/CdS. Instead, further increasing the amount of
NiCoB or NiB caused the H2 evolution rate to decrease, probably
because excess NiCoB and NiB blocked the transition of photons.
The H2 evolution rate of 1 wt% Pt/CdS under the same conditions
was 37.56 mmol h1 g1, which was optimized as shown in Fig.
S4e. In the comparative experiments, for the best results, the
needed content of Pt was very low, only 1 wt%. Loading proper
amount of TMB, NiCoB/CdS and NiB/CdS had much better activity
than Pt/CdS. Although the dosage of TMB is more than Pt, TMB
costs only around 0.1% of Pt, to a degree, meeting the relatively
larger dosage shortfall.
TEM images of NiB/CdS and NiCoB/CdS (Fig. 1c and f, respec-
tively) show the compounds were relatively poorly dispersed,
which is likely limiting the samples' photocatalytic ability. Gra-
phene possesses an exceptionally high surface area (greater than
Fig. 1. (a) TEM image of the NiB products. (b) The corresponding SAED image for the NiB sample. (c) TEM image of the NiB/CdS nanocomposite. (d) TEM image of the NiCoB
sample. (e) The corresponding SAED image for NiCoB. (f) TEM image of the NiCoB/CdS nanocomposite.
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evolution if it was used as a dispersant. Fig. 3a shows a H2 evo-
lution rate of 144.8 mmol h1 g1 for NiCoB/CdS with graphene,
over 36 times greater than that of pure CdS, and nearly 4 times
greater than that of Pt/CdS under the same conditions. The max-
imum H2 evolution rate of NiB/CdS with graphene was
130.06 mmol h1 g1, around 32 times that of pure CdS and
3.5 times that of Pt/CdS. Further conﬁrming NiB and NiCoB as ef-
fective cocatalysts, the H2 evolution rate of CdS with graphene was
only 7.86 mmol h1 g1. And the attendance of graphene in-
creased the dispersity of TMB/CdS, exposing more active sites forabsorbing hydrogen protons and then permitting higher rate of H2
evolution. However, excessive graphene would result in ‘light
shielding effect [23], thus restraining light irradiation on TMB/CdS
surface, and inhibiting the valence electrons interband jumping.
The optimal quality ratio of graphene and NiB and NiCoB are 5/240
and 10/240, respectively, as shown in Figs. S4f and S4g.
Within the binary alloys, CoB/CdS exhibited the highest H2
evolution rate (91.8 mmol h1 g1) while FeB/CdS exhibited the
lowest rate (39.6 mmol h1 g1) (Fig. S4c). All TMB/CdS alloys
showed higher photocatalytic activity than that of Pt/CdS. The
stability of NiB/CdS was better than that of CoB/CdS, the H2
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Fig. 2. High resolution XPS spectrum of (a) NiB-Ni 2p, (b) NiB-B 1 s, (c) NiCoB-Ni 2p, (d) NiCoB-Co 2p and (e) NiCoB-B 1 s.
L. Li et al. / Nano Energy 27 (2016) 103–113 107evolution rate of which decreased markedly after 15 h of irradia-
tion (Fig. S4h), probably because it was more susceptible to acid
attack (Figs. S5e and f). We compared the hydrogen evolution rate
and AQE of some superior state-of-the-art photocatalysts and
TMB/CdS, and we can see that TMB do efﬁcient and favorable
candidate for Pt with AQE of 97.42% at 500 nm, which is the
highest value reported for CdS photocatalysts (Table S1).
Fig. 3b and c display the stability of the as-synthesized NiB/CdS
and NiCoB/CdS and show a linear relationship between the time(h) and amount of H2 evolved. After each 8 h run, the photo-
catalytic reaction system was evacuated before the next run was
started. After 56 h (NiB/CdS) and 40 h (NiCoB/CdS) of irradiation,
no obvious deterioration in activity was observed.
The AQE for the photocatalytic H2 generation was determined
for NiB/CdS and NiCoB/CdS after irradiation for 5 h using 100 mL of
10 vol% lactic acid solution (Fig. 3d and e). The AQE was 97.42% for
NiCoB/CdS at a wavelength (λ) of 500 nm, which is the highest
AQE for the cocatalyst/CdS system. The AQE for NiB/CdS was 79.5%
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L. Li et al. / Nano Energy 27 (2016) 103–113108at the same wavelength. In general, high efﬁciencies were found
across the UV–Vis–NIR spectrum. Increasing wavelength tended to
decrease AQE as the photon potential decreased. Nonetheless, at a
wavelength of 850 nm an AQE of 4.66% was observed for NiB/CdS.
A comparison of H2 evolution rates for catalysts with various
molar ratios of Ni: Co (4:1, 3:2, 2.5:2.5, 2:3 and 1:4) indicated that
an equimolar ratio resulted in the highest H2 evolution rate of
105.6 mmol h1 g1 (Table S2). Adding Co to NiB improved pho-
tocatalytic activity up to a point, but excess Co is thought to have
covered the active Ni sites decreasing the photocatalytic activity
[24]. It was possible to alter the composition and activity of theamorphous alloy in a number of ways by modulating the electron
structure and creating catalytic active centers [25].
The photocatalytic activity of NiCoB/CdS was tested in a 20%
ethanol solution and in a Na2S/Na2SO3 solution (0.25 M Na2S and
0.35 M Na2SO3) as well as in lactic acid. The photocatalytic activity
of NiCoB/CdS in the ethanol solution and in the Na2S/Na2SO3 so-
lution was negligible (Fig. S4i). This indicates that in the NiCoB/CdS
system lactic acid was most able to react with electronholes and
that there was an excess of Hþ in the solution. More importantly,
this suggests that NiCoB has good acid-resistance ability and can
react with Hþ in the solution to reduce it to H2. The large amount
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CdS and NiCoB/CdS. (d) EIS spectra of CdS and NiCoB/CdS performed in an alternating current frequency range of 10 kHz to 10 mHz in 10 vol% lactic acid solution. EPR
spectra of (e) NiB/CdS, (f) NiCoB/CdS and (g) blank, at room temperature. (h) Zeta potential spectra of CdS, Pt/CdS, NiB/CdS and NiCoB/CdS, in which 2 mg samples were
dispersed in 2 mL DI water, ultrasonic for two hours. (i) LSV curves for CdS, Pt/CdS, NiB/CdS and NiCoB/CdS with a sweep rate of 50 mV s1, displaying the overpotential vs.
RHE corresponding to the current density of 10 mA cm2.
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phous NiCoB could more easily capture Hþ than in the ethanol and
Na2S/Na2SO3 solutions, promoting H2 evolution.
3.3. Optical properties and electrochemical characteristics
Fig. 4a shows the UV–Vis–NIR diffuse absorption spectrum of
CdS, NiB/CdS, NiCoB/CdS and Pt/CdS. Pure CdS can only absorb
visible light with a wavelength of about 566 nm for its corre-
sponding band gap of 2.19 eV. Adding NiB and NiCoB can increase
the absorption of CdS across the UV–vis–NIR spectrum because of
their narrower band gaps and deeper colors, which are probably
caused by low levels of crystallinity and defects in the prepared
TMBs [26,27]. Red-shifts of the absorption of TMB/CdS were ob-
served (Fig. S5a and b) indicating that there was strong electronic
coupling between TMB and CdS [28]. Excess TMB loading would
act to create recombination sites for photoinduced charge carriers
and inﬂuence the light-absorption intensity. Indeed, the light-ab-
sorption intensity and the photocatalytic activity of NiB/CdS
(18.83%) and NiCoB/CdS (12.5%) were, respectively, lower than
those of NiB/CdS (16.28%) and NiCoB/CdS (10.8%). The adsorption
edge of Pt/CdS was the same as that of pure CdS but Pt/CdS
showed enhanced absorption in the range of 550–750 nm. After56 h of irradiation (Fig. S5c), the absorption intensity of NiB/CdS-
after reaction was lower than that of NiB/CdS but greater than that
of CdS. This indicates that some NiB samples had dissolved into the
solution and resulted in the decline of the stability.
Photoluminescence (PL) spectroscopy is a physical process that
helps to identify the electronic structure of samples. Surface
photovoltage spectra (SPS) measurement is an effective tool to
evaluate the photocatalytic activity of semiconductors by provid-
ing information on separation and transfer of the photogenerated
charge carriers under irradiation [29-31]. Using laser-excitation at
a wavelength of 325 nm, Fig. 4b shows two distinct emission
bands at 532 and 728 nm, which were consistent with other re-
ports [13]. These ﬂuorescence emissions were notably quenched
after loading TMBs as the photoinduced electrons can transfer
from CdS to TMB. This transferal suppresses electron-hole recom-
bination and improves the photocatalytic activity. Moreover, the
PL intensity of Pt/CdS was stronger than those of NiB/CdS and
NiCoB/CdS; this was consistent with Pt/CdS's poorer photocatalytic
H2 evolution. The photovoltaic response band of pure CdS ap-
peared at about 470 nm (Fig. S5d). After loading NiB, NiCoB or Pt
on CdS, the photovoltaic intensity became much stronger (Fig. 4c)
with NiCoB/CdS in particular exhibiting around 750 times the
photovoltaic intensity of pure CdS and 6 times that of Pt/CdS. The
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than that of pure CdS and double that of Pt/CdS indicating that
loading NiCoB and NiB facilitate the separation of photogenerated
charge carriers in TMB/CdS. Furthermore, no other peaks were
observed following loading Pt or TMB implying that TMB was not
incorporated into the lattice of CdS but was instead highly dis-
persed on the CdS surface. PL and SPS measurements conﬁrmed
that effective charge separation was the primary factor driving the
dramatically improved photocatalytic performance.
The semicircles of the EIS spectra (Fig. 4d) followed the se-
quence of NiCoB/CdSoCdS. This meant that the resistance of the
interface layer for the charge transfer decreased for the NiCoB
sample loaded with appropriate amounts of cocatalyst. Conversely,
the resistance of the interface layer for the charge transfer on the
NiB-loaded sample increased (Fig. S5e) [30]. Loading NiB, on the
one hand, improved the acid resistance of CdS, but on the other
hand, decreased the electronic conductivity. This should be viewed
alongside the higher stability of NiB/CdS despite it exhibiting a
lower H2 evolution activity than NiCoB/CdS. These results indicate
a tradeoff exists between balancing electronic conductivity and
acid resistance.
Room-temperature EPR spectra were recorded to test electron-
electron interaction between CdS and TMB. NiB/CdS and NiCoB/
CdS produced similar spectra (Fig. 4e–g and S6), with well-re-
solved six-coordinate “EPR-silent” Ni2þ complexes. These com-
plexes may have arisen from the fact that Ni2þ can exist in many
coordination environments (e.g. tetrahedral or octahedral) and
often exhibits complicated intermolecular electron–electron in-
teractions that arise from spin–orbit and spin–spin coupling. CdS
and TMB alone exhibited no signal, indicating that electrons were
transferred from CdS to TMB.
The zeta potential is a physical property of any particle in a
suspension. The surface charges of CdS (32.06 mV), NiB/CdS
(6.86 mV), Pt/CdS (16.77 mV) and NiCoB/CdS(14.04 mV)
(Fig. 4h) show that after loading cocatalysts, the electronegativity
of CdS decreased, demonstrating that the cocatalyst on CdS surface
had adsorbed H3Oþ . In addition, the ability of NiCoB and NiB to
absorb protons was stronger than that of Pt. This is probably be-
cause of the large surface area of NiCoB and NiB and their amor-
phous state, which offers a high concentration of coordinating
unsaturated active sites that can be used [32].
The linear sweep voltammetry (LSV) characteristic of CdS, Pt/
CdS, NiB/CdS and NiCoB/CdS were measured using 10 vol% lactic
acid solution and compared with results for a graphite sheet.
Fig. 4i displays the overpotential against the RHE corresponding to
a current density of 10 mA cm2, which is a metric relevant to
solar fuel synthesis [33]. The overpotential values for the samples
followed the sequence NiCoB/CdS (1.48 V)o NiB/CdS (1.61 V)o
Pt/CdS (1.64 V)o CdS (1.8 V). A lower overpotential indicates that
the reaction of Hþþe-1/2H2 is more easily accomplished [8].
This is why TMB/CdS was more able to ‘extract’ electrons to the
surface and so facilitate the surface reaction, efﬁciently consuming
the charges and decreasing the rate of recombination of electrons
and holes compared with those of Pt/CdS and CdS. Thus, these
results conﬁrm that TMBs not only serve as electron sinks, but also
provide effective proton reductions sites.
Brunauer–Emmett–Teller (BET) adsorption–desorption iso-
therms (Table S3) were used to calculate the surface area of the as-
prepared NiCoB/CdS (50 m2 g1) and NiB/CdS (44 m2 g1), both of
which were larger than that of Pt/CdS (40 m2 g1). Furthermore,
the surface area of the annealed-NiB was 21 m2 g1, which was
smaller than that of NiB (31 m2 g1) and in accordance with the
poorer performance of the annealed-NiB/CdS than that of NiB/CdS
(Fig. S4j). Importantly, the introduction of TMB increased the
speciﬁc surface area of the composites, thus increasing the amount
of active reaction sites and improving the catalytic activitiescompared to that of the crystalline sample.
3.4. Theoretical calculation
Typically, the free energy of atomic hydrogen (ΔGH) bonding to
the electrocatalysts are calculated for evaluating the different
metal surfaces as electrocatalysts [34–36], as shown in the Support
information. The values of ΔGH of Pt, Ni3B and NiCoB are all re-
latively small, which are favorable for good catalytic performance
of them. However, it is not open-and-shut about what factors in-
ﬂuenced their excellent performance and the object of our study is
cocatalyst rather than electrocatalyst. The use of cocatalysts during
H2 production involves adsorption of H atoms and desorption of
H2 molecules. These processes are strongly correlated with the H
atom adsorption energy (ΔE(H)) and H2 molecule adsorption en-
ergy (ΔE(H2)). Thus, here, some improvements have been made
compared to the classic approaches [34–36]. DFT was used to
calculate ΔE(H) and ΔE(H2) on the surface of Ni3B (used to model
amorphous NiB), NiCoB and Pt. Ni3B has an orthorhombic struc-
ture and the structure's symmetry belongs to space group Pbnm
[37]. The lattice parameters for Ni3B in our calculations were
a¼4.38 Å, b¼5.18 Å and c¼6.70 Å. As shown in Fig. 5a–e, a unit
cell contained 4 B atoms and 12 Ni atoms. The local environments
around a B atom in Ni3B were a trigonal prism of 6 Ni atoms. In
contrast to Ni3B, in NiCoB one of the trigonal prisms of 6 nickel
atoms was replaced by a trigonal prism of 6 Co atoms (a¼4.36 Å,
b¼5.21 Å, c¼6.59 Å). DFT calculations were performed on the
{010} surface of NiCoB and Ni3B and on the {100} surface of Pt to
produce the results shown in Fig. 5f and g. TheΔE(H) for Ni3B was
3.95 eV, stronger than that for Pt (3.76 eV). The ΔE(H) for hydro-
gen atom adsorption at the Co sites (4.09 eV) and Ni sites (3.99 eV)
of NiCoB were both more favorable than at Ni3B sites. This was
probably because the presence of Co atoms in NiCoB changed the
electronegativity of the whole system, as demonstrated by the
results of the Zeta potential test discussed above. The ΔE(H2) for
Ni3B, Pt, NiCoB-terminated with Co, and NiCoB-terminated with Ni
were 0.37, 0.14, 0.36 and 0.39 eV, respectively. These values were
much smaller than those for ΔE(H), conﬁrming that once H2
molecules have formed on the surface they are released im-
mediately. The reason that NiCoB was better at producing H2 than
Ni3B and Pt was therefore mainly attributed to its stronger ability
to adsorb H atoms. The HER always takes place on the short-range
surface of a cocatalyst. Although the materials discussed here were
amorphous, they exhibited a short-range order structure and lend
credibility to these calculations.
3.5. Mechanism
Deep colors and narrow band gaps of TMB increased the light
absorption of CdS across the UV–Vis–NIR spectrum. Then the va-
lence electrons interband transition would take place in CdS. The
lower overpotential of TMB made the reaction of Hþþe-1/2H2
is more easily accomplished. Therefore, TMB/CdS was more able to
‘extract’ electrons to the surface and so facilitate the surface re-
action, efﬁciently consuming the charges and decreasing the rate
of recombination of electrons and holes. Furthermore, larger sur-
face area of TMBs and their amorphous state offer a high con-
centration of coordinating unsaturated active sites that can be
used to adsorb H3Oþ . The attendance of graphene increased the
dispersity of TMB/CdS, permitting higher rate of H2 evolution.
Above all, the superior performance of TMBs as cocatalysts,
especially compared to Pt, can be attributed to their powerful
ability to trap electrons and adsorb protons. A conceivable me-
chanism is shown in Fig. S7. Under the visible light irradiation,
electrons migrate to the conduction band and some are then
transferred to the surface, ﬂowing to TMBs and graphene sheets,
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Fig. 5. (a) The crystal structure of Ni3B, (b) the local environment around a boron atom, and (c) the structure of a hydrogen atom adsorbs on the {010} surface for Ni3B.
(d) The structure of a hydrogen atom adsorbs on the {010} surface terminated with nickel atom for NiCoB, (e) the structure of a hydrogen atom adsorbs on the {010} surface
terminated with cobalt atom for NiCoB, and (f) the adsorption energy for one hydrogen atom. (g) The adsorption energy for one hydrogen molecule.
L. Li et al. / Nano Energy 27 (2016) 103–113 111while holes remain in the valence band. A large amount of Hþ
(from water or lactic acid) adsorbed onto the surface of TMBs. The
holes are consumed by lactic acid and the electrons reduce Hþ
(Hþþe-H2), producing H2.4. Conclusion
In summary, we have synthesized a series of TMBs as cocata-
lysts loading on CdS for the photocatalytic H2 evolution. TheseTMB/CdS composites not only can reduce the recombination
chance of photoinduced charge carriers, but also provide much
more proton absorb sites, leading to an extraordinary photo-
catalytic H2 production of 144.8 mmol h1/g under the visible
light irradiation, up to 36 times of CdS alone, outstanding long-
term operational stability and admirable apparent quantum efﬁ-
ciency, up to 97.42% at 500 nm, which is the highest photocatalytic
H2 evolution apparent quantum efﬁciency among the cocatalyst/
CdS systems. Furthermore, TMBs are easy to synthesize, en-
vironmentally friendly and economically, cost only 0.1% of Pt.
L. Li et al. / Nano Energy 27 (2016) 103–113112Accordingly, our ﬁndings suggest TMBs are goodish substitutes to
noble metal cocatalyst for the photocatalytic H2 production.Acknowledgments
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